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The stress of Cu/low-k interconnects with linewidths scaled to 50 nm was determined using
precision lattice parameter measurement at an advanced light facility. Grazing incidence and -2
diffraction geometries were used to gain a direct measurement of the strain tensor, showing an
increase in stress as the linewidth is reduced an order of magnitude from 500 to 50 nm. This increase
in stress contrasts existing predictions of finite element simulations, which predict a decrease in
stress as the line aspect ratio increases above one. Our simulations, considering the low-k stack,
have shown this decrease should occur at lower aspect ratios; however, neither trend is reflected in
the measured data. All of the lines showed a strong 111 texture suggesting their stiffness was not
affected at the scaled dimensions. The narrower lines show a more bamboolike structure compared
to a more polycrystalline structure in the wider lines. In the narrow lines, the grains become pinned
in the linewidth reducing stress relaxation through grain growth or reorder. This leads to the
observed increase in stress with linewidth scaling and the increase in stress for bamboo lines during
fabrication. This work demonstrates the grain structure of interconnects has a significant effect on
stress and stress evolution. © 2009 American Institute of Physics. doi:10.1063/1.3212572
I. INTRODUCTION
Stress induced by deposition, thermal treatment, and
loading is present in all structural components of every size
and can have both favorable and detrimental effects. An un-
derstanding of stress in the automotive, aeronautical, and
construction industries is necessary to make such compo-
nents reliable. This is also true for the semiconductor indus-
try where the structural integrity of submicron “interconnect-
ing” wires can affect reliability.1 The continued scaling of
integrated circuits brings the need for new materials to re-
duce the resistance-capacitance RC component. The addi-
tion of highly porous materials, introduced to lower the ef-
fective k value of the back end stack, requires consideration
of the overall mechanical stability.2,3 These materials have
elastic moduli over an order of magnitude lower than con-
ventional SiO2. The thermal expansion mismatch between
the metal and surrounding dielectric generates thermal
stresses, which can induce void formation,4,5 affecting reli-
ability in submicron interconnects.6 An understanding of the
stress generated during fabrication is therefore necessary to
interpret failure mechanisms and implement design for reli-
ability techniques.
The scaling of interconnect dimensions limits the ability
to monitor stress developed during back end of line fabrica-
tion. Due to its simplistic nature, wafer curvature measure-
ments are traditionally the most widely acknowledged
method for characterization of residual stress in thin
films.7–10 The film stress is determined using the Stoney
formula.11 However, this technique cannot be applied to a
single metal stripe. For this, a high intensity and focused
x-ray beam, only available at specialized facilities, is needed
to determine the strain by precision lattice parameter mea-
surement. X-ray diffraction XRD is widely used as a non-
destructive technique12,13 to determine the stress state of
metal grains using Braggs law,14 =2d sin . This relates the
condition for constructive interference to the wavelength 
and incident angle  on the axis to lattice spacing d or lattice
parameter, a, following a=dh2+k2+ l21/2 for a cubic cell,
where h, k, and l are the Miller indices.13
A number of groups have used the XRD technique to
investigate stress in the Cu damascene stack,15 demonstrating
the role of the confining barrier,16 cap/passivation,17 and
dielectric18 on interconnect stress. The combined effect of
these layers has been described for structures in SiO2 and
SiLK-based stacks at linewidths down to 200 nm. However,
as the demand for higher density in both logic and memory
applications requires feature widths to be further scaled, high
intensity x-ray sources are required.19 Recently this study
was extended to consider the integration of highly porous
dielectrics and air gaps in 90 nm interconnects.20,21 In the
current work, the dimensions of interconnects embedded in a
25% porosity advanced organo-silicate-glass OSG-based
dielectric are further scaled to a critical dimension of 50 nm.
The significance of grain size at these small dimensions is
also introduced and the effect on stress evolution studied.
aAuthor to whom correspondence should be addressed. Tel.: 440191 222
7340. FAX: 440191 222 8180. Electronic mail:
christopher.j.wilson@ieee.org.
JOURNAL OF APPLIED PHYSICS 106, 053524 2009
0021-8979/2009/1065/053524/7/$25.00 © 2009 American Institute of Physics106, 053524-1
II. EXPERIMENTAL
A. Test material
The single damascene test structures used in this study
comprise periodic arrays of parallel lines designed for XRD,
as shown in Fig. 1. These structures simplify the alignment
procedure and facilitate the use of larger spot sizes to gain a
representative sample of the crystallites present for a given
diffraction geometry and low-k stack. Experiments were per-
formed on samples prepared with linewidths ranging from 50
to 500 nm with equal line to space ratio. Samples were fab-
ricated on 300 mm Si 100 wafers. A 250 nm SiO2 premetal
dielectric was deposited followed by a 25 nm SiCN/O inter-
layer diffusion barrier. Cu lines were then fabricated in a
porous SiCOH based low-k intermetal dielectric IMD of
k=2.5, porosity of 25% and 1 nm pore size, using a physical-
vapor-deposition PVD TaN/Ta sidewall diffusion barrier.
Prior to chemical mechanical polishing, the Cu received a 30
s anneal at 180 °C. Other samples were also prepared using
different anneal conditions following the same fabrication
process. Table I shows the full sample splits. Finally, all wa-
fers were passivated by an 8 nm SiCN layer to prevent oxi-
dation. A blanket Cu sample was also prepared with a com-
parable stack to calculate the stress free lattice parameter.
B. Diffraction geometries
The sin2  method has typically been used to investigate
strain using a -2 geometry.16–18,22 This method uses planes
at  angles from the surface normal producing a scattering
vector out of the sample, as shown in Fig. 2a. Multiple 
tilts can then be used to project the individual strain vectors
to the in-plane and out-of-plane coordinates and principle
strains. However, only a true direct strain measurement can
be made in the out-of-plane coordinate. The error in this
method increases for the high angle planes due to contribu-
tions from other crystallites, reducing the accuracy of the
in-plane measurements compared to those determined out-
of-plane.
Grazing incidence XRD GIXRD has been used with
high brilliance sources to gain a direct strain
measurement.21,23 GIXRD utilizes the principle of total ex-
ternal reflection. As defined by Snells law,24 the light passing
from to a lower index of refraction material i.e., from air to
the sample is perfectly reflected when the incident angle 
is below a critical value. This is typically less than 1° for x
rays. The required low  leads to the term grazing incidence,
as the beam illuminates the entire sample surface with a rect-
angular spot of the beam diameter by the total sample width.
Thus, the spot must be redefined using detector slits. Diffrac-
tion occurs from the planes running perpendicular to the
sample surface and  relative to the incident beam. In this
geometry, a strain vector is produced normal to the sample,
representing a direct in-plane measure of the strain. A sche-
matic representation of the GIXRD geometry is shown in
Fig. 2b.
XRD studies in this work were performed at the Euro-
pean Synchrotron Radiation Facility ESRF using beam-line
ID01. An energy of 12.4 keV was chosen using an undulator
insertion device installed in the beam trajectory to facilitate
comparison to inline monitoring tools using Cu K sources.
The beam spot was defined as 10100 m2 with slits used
to redefine this region at the detector. Both the -2 geom-
etry and GIXRD were used in this study to gain the measure-
ments for the triaxial strain tensor. A -2 geometry was
used to confirm the texture of the samples and to measure the
out-of-plane strain z using planes belonging to the films
dominant texture parallel to the sample surface. GIXRD
was then used to measure the in-plane strain. The scattering
vector was aligned parallel and perpendicular to the lines to
measure the strain along the line length and linewidth x and
y.
C. Measuring stress
The stress state 	 of a uniform thin film is biaxial and
can be determined from a single strain  measurement us-
Si
SiO2
SiCN/O
SiOCHCu SpaceLine
SiCN
FIG. 1. Color online Schematic representation of the XRD test structure.
TABLE I. Detailed sample splits for the different linewidth and anneal
conditions.
Linewidth
nm
Aspect
ratio
h /w
Anneal
condition
s / °C
50 3 30/180
100 1.75 30/180
0/250
30/250
60/250
240/250
200 0.75 30/180
500 0.35 30/180
0/250
30/250
60/250
240/250
Blanket ¯ 30/180
(a)
Q
D
S
(b)
θ
θ
Q
θ
D
S
FIG. 2. Color online Diffraction geometries showing the strain vector Q
for a -2 geometry, used to measure the out-of-plane strain, showing the
sample in cross section; and b GIXRD geometry used to measure in-plane
strain, showing the sample from top view.
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ing a one-dimensional generalization of Hooke’s law,25 	
=E, where E is the elastic modulus. However, patterning a
film produces a nonuniform strain distribution. Further pas-
sivation adds constraint in a third axis, producing a triaxial
stress state and a stress tensor is needed:12,13 	ij =Cijklkl,
where Cijkl is the tensor describing the stiffness coefficients
and ij and kl describe the principle axes and using the Voigt
index:12 11→1=x, 22→2=y, and 33→3=z for x defined
along the line length, y across the line, and z out-of-plane, as
shown in Fig. 3. The hydrostatic stress can be calculated as a
representative average of the triaxial components. The calcu-
lation of strain, and hence stress, requires knowledge of the
strain-free lattice parameter a0 according to kl= akl
−a0 /a0. A standard reference cannot be used, owing to
small shifts in the lattice parameter induced by impurities.
Thus, a0 must be calculated using Cu samples prepared in a
similar manner. This can be done for thin films using a blan-
ket sample.26,27 A strain in the plane will cause the opposite
strain out of the plane, through Poisson’s relation. Therefore,
the strain on a uniform blanket film varies from positive to
negative when the lattice is rotated through 90° and there is
an angle 0 where the lattice parameter is equivalent to a0.
This method is experimentally proven and fully described
elsewhere by Wilson et al.21
III. RESULTS AND DISCUSSION
The texture of the Cu lines was confirmed using a 300
mm wafer in-line monitoring tool. Figure 4a shows the
2-scan for the 100 nm Cu lines, showing a strong 111
orientation both along and across the interconnects. Figures
4b and 4c also show the angle distribution of the Cu 111
planes on the same sample with reference to the surface nor-
mal. The decrease in intensity with interplanar angle is con-
sistent with a broader diffraction peak and lower diffracted
intensity at the detector in the -2 geometry.13 The strong
=0° planes concentrate in a range of 
5° at the full width
at half maximum FWHM. In the fcc Cu system, diffraction
from 111 planes can also occur from planes at =70°,28,29
however a concentration of 
15° at the FWHM about 
=60° is observed. This wider orientation and apparent shift
in lattice may be due to a high level strain and twin bound-
aries commonly observed in electroplated Cu.6,30,31 Such
twinning can occur in grains along/across the lines and
broaden the measured peak at =60°. However, this is not
observed for the =0° as there are predominantly single
grains in the out-of-plane diffraction axis reducing the num-
ber of twins.
As the interconnects show a strong texture in all line
directions, the 111 orientation can be used as a reference in
further analysis and the stiffness coefficients of the crystal
referred to the 111 coordinate system using the transforma-
tion given in Refs. 7 and 32 when calculating the stress ten-
sor 	ij. Typical 111 Bragg peaks obtained for 100 nm
lines embedded in a 25% porosity dielectric are shown in
Fig. 5. The deviation in peak position is analogous to a shift
in intrinsic lattice parameter. This can be attributed to a
change in strain in the principle axis making up the triaxial
stress. Both in-plane Bragg peaks show weak high 2 angles
side lobes. This can also be linked to the twinning present in
the Cu observed in the texture scans producing crystallites to
satisfy the Bragg condition at angles close to the dominant
texture. Care was taken with multiple measurements to use
scans without side lobes and minimize any influence on mea-
surement error.
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z
y
FIG. 3. Color online Coordinate system of principle strains.
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FIG. 4. Color online Texture scans, a 2-scan showing 111 and 200
Bragg peaks; b and c 111 interplanar angle distribution.
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FIG. 5. Color online Typical Bragg peaks obtained in the three principle
axes for a 100 nm line in a 25% porosity material.
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A. Linewidth scaling
Figure 6 shows the individual stress components mea-
sured for interconnects with linewidths scaled an order of
magnitude from 500 to 50 nm. The stress along the lines 	x
is the largest, with the stress in the linewidth 	y reduced by
the weak constraint offered by the highly porous material
used in this study.20,21 All measurements show a tensile
stress, as expected from the thermal mismatch between the
Cu and the Si substrate. However, the wide 500 nm lines
show a low compressive out-of-plane stress 	z, exhibiting
plate behavior as the thin passivation layer weakly couples
the in-plane and out-of-plane components. In each case an
increase in stress is observed as the linewidth is reduced. The
hydrostatic stress is calculated in Fig. 7a to describe the
measured trend and aid comparison with literature where the
individual stress components are not known. Figure 7b
shows the hydrostatic stress reported in literature for SiO2
and SiLK-based dielectrics scaling to 200 nm.1,16,18 Qualita-
tive agreement is observed when comparing the new data
with that from older technology nodes, however a quantita-
tive comparison is not possible, as full sample preparation
details thermal history is unknown for the data quoted in
the literature. Opposing trends have also been observed in
literature where sample preparation, including the level of
passivation are different.33 As shown by Hau-Riege et al.,17
the level of passivation significantly effects the stress in in-
terconnects limiting comparison to these other data.
A number of groups who have used XRD to characterize
stress have produced finite element models to confirm their
measurements.1,16,18,34,35 In each case an increase in stress is
predicted as the linewidth is scaled showing good agreement
with the experimental data in this work. However, it has also
been suggested as the aspect ratio AR, the ratio of line
height to linewidth rises above 1, stress will start to
decrease.36,37 The AR of the samples used in this study
ranges from to 0.35 to 3, as shown in Table I. Hence, one
should expect a fall in stress at a linewidth of around 150–
175 nm AR=1. To study this effect for the low-k stack used
in this work, a two-dimensional finite element model was
constructed using ANSYS programming language. Both plane
strain and symmetric/reflecting boundaries were used on a
half-line half space structure similar to that shown in Fig. 1.
Such methodology has been shown elsewhere to maintain a
reasonable accuracy.38 A regular mesh was used, with the
element size optimized for a convergent solution. All mate-
rials were modeled in a thermoelastic state. The simulation
results are shown in Fig. 8 for different IMD elastic moduli.
The fall in stress at a given AR is apparent, however the
point at which the stress falls is dependant on the dielectric
elastic modulus. The model predicts a fall in stress at AR
=0.7 for a SiO2 E80 GPa-based IMD similar to that
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FIG. 6. Color online Triaxial stress components as a function of intercon-
nect linewidth.
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FIG. 7. Color online Measured hydrostatic stress as a function of inter-
connect linewidth a this study using a porous OSG dielectric and b
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predicted in Refs. 36 and 37. However, for the porous low-k
material used in the current work E10 GPa the finite
element model predicts the stress falls at a linewidth of 300
nm AR=0.5.
Finite element modeling typically assumes a continuum
model with bulk material parameters, not considering the
size or orientation of an individual grain. Therefore, the mea-
sured increase in stress suggests the individual grain size and
the evolution of grain growth in the lines could have a sig-
nificant effect. Figure 9 shows plan view focused Ga ion
beam images of the lines used for XRD in this study. The
narrow lines in Fig. 9b show a more bamboo grain struc-
ture compared to the polycrystalline wider lines in Figs. 9c
and 9d. As Cu shows high elastic anisotropy,39 variation in
texture among lines grains may cause changes in the line
elasticity causing the measured increase in stress as linewidth
is reduced. However, Saerens et al.40 have shown that this is
only significant for a random texture in Al. As discussed
above, all the lines measured showed a strong 111 texture.
Thus, only crystal orientations in the plane can be considered
random, reducing the effect on the line elasticity.
The literature shows grain growth in narrow lines is lim-
ited by the linewidth, line height, and overburden height.41–43
Therefore, one may also expect the stress evolution in nar-
row lines to be different to that of wide lines, as the grain
size in the two structures is different. Grains in the bamboo-
like lines are constrained, thus stress cannot be relieved with
thermal treatments. However, polycrystalline lines are able to
reorder and the stress can reduce. The 50 nm lines used in
this study show a polycrystalline structure Fig. 9a as the
large grains in the overburden could not penetrate into the
line.41–43 This may explain the fall in stress when comparing
the 50 and 100 nm samples. Gignac et al.44 and Hu et al.45
have suggested interconnects with linewidths scaled beyond
90 nm produce such a polycrystalline structure and increase
both resistivity and electromigration rate.
B. Stress evolution in wide and narrow lines
To further investigate the influence of grain size or line-
width on stress evolution a series of “narrow” 100 nm and
“wide” 500 nm lines were subjected to postplating anneals of
increasing duration at 250 °C. Figure 10 shows the mea-
sured hydrostatic stress for the narrow and wide lines over
240 s. The stress of the 100 nm lines initially falls upon
annealing before increasing with anneal time. Based on the
discussion above, the grains in these narrow lines are ex-
pected to be more bamboo after annealing, thus grain growth
is limited by the constraint imposed by the linewidth. This
compares to the continuous decrease in stress observed for
the 500 nm lines. These lines are assumed to be more poly-
crystalline, hence, the grains reorder to reduce stress and
relaxation can occur though grain boundary diffusion.46 Plan
view transmission electron microscopy TEM was used to
image the grain structure of each sample to confirm the grain
evolution as shown in Fig. 11. Dark field scanning TEM
DF-STEM was chosen to give greater distinction between
grains. The grain boundaries are also traced to highlight the
difference in microstructure between the samples. To quan-
tify this evolution, image processing software was used to
count and measure the grain dimensions, along an 18 m
long line. The maximum and minimum axes of an ellipse
that has the same normalized second order central moment as
the region are used to describe the grains and is plotted in
Figs. 12a and 12b for the 100 nm and 500 nm linewidths,
respectively.
The majority of the annealed 100 nm lines show a grain
size in their minimum axis similar to the linewidth, suggest-
ing these lines are bamboo. The sample, which did not re-
ceive an anneal shows a broad distribution with a grain size
(a) (b)
(c) (d)
500 nm
FIG. 9. Plan view FIB micrographs showing the crystallinity of the a 50,
b 100, c 200, and d 500 nm linewidths.
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linewidths of 100 upper and 500 nm lower interconnects with a 0, b
30, c 60, and d 240 s postplating anneals.
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not reaching 100 nm. Hence, the majority of the gains do not
cross the linewidth giving a polycrystalline structure prior to
annealing. This “no anneal” sample also shows a grain size
in the maximum axes distributed around the linewidth, dem-
onstrating incomplete grain growth prior to annealing. All of
the annealed 100 nm linewidth samples show a similar grain
size distribution in the maximum axes larger than the line-
width. The accuracy needed to quantify the grain growth
among the different samples for the 200 MPa change in
stress or 10−3 strain requires higher grain sampling than
that used in this study, however that these data does demon-
strate grain growth is limited in the linewidth. This explains
the initial drop in stress at after the 30 s anneal when the
preanneal stress can be relieved by grain growth. This relax-
ation is then limited and the level of thermal stress is in-
creased with longer anneals. The initial grain growth could
occur in less than 30 s, however shorter anneals were not
analyzed.
Figure 12b shows the cumulative probability of grain
sizes measured for the 500 nm lines. A log-normal distribu-
tion is observed for each anneal condition, typical of poly-
crystalline blanket films.31,47 In each case their minimum
axis grain size falls below the linewidth. This demonstrates
the lines are polycrystalline. All samples also show a grain
size distribution in their maximum axis centered around 400
nm, however, it is likely this distribution is made up of both
short grains along the lines and narrow grains across the
lines. This mix of short-wide grains and long-thin grains is
exemplified in the DF-STEM images shown in Fig. 11. The
polycrystalline nature of these wide lines can allow grain
growth with longer anneal times lowering the measured
stress.
IV. SUMMARY
XRD was used to determine the stress of Cu intercon-
nects scaled an order to magnitude from 500 to a 50 nm
linewidth fabricated in a porous OSG dielectric. A combina-
tion of the GIXRD and -2 geometries were used to gain
direct measurements of the principle strains. The stress was
shown to increase as the interconnect linewidth was scaled.
This opposes previous finite element simulations suggesting
stress should decrease at small dimensions where the AR is
greater than one. The finite element analysis was extended to
the compliant low-k stack used in this work, predicting a
decrease in stress at lower ARs. Although, finite element
analysis assumes continuum mechanics with bulk properties,
all of the interconnect linewidths studied showed a strong
111 texture validating its use as a reference system for the
stress calculation. This suggests the narrow lines do not have
a higher stiffness leading to a higher stress but their initial
grain size and growth must explain the measured trend. To
further qualify the influence of grain size and evolution on
stress, the grain size was determined using DF-STEM as a
function of postplating anneal time for wide and narrow lines
and correlated with stress measurements. Initially both the
wide and narrow lines showed a polycrystalline structure,
and after annealing the stress relaxed and the grains could
reorder. The stress of the polycrystalline wide lines contin-
ued to relax, however, the grains in the narrow line became
pinned in the linewidth, limiting further grain growth and
leading to an increase in stress. Changing the processing
conditions, including variations in the plating chemistry and
overburden thickness, can be used to control the initial grain
structure and to some extent to reduce the stress. However,
this work demonstrates that stress will remain a reliability
concern for interconnects of future technology nodes below
50 nm critical dimensions and are expected to produce diver-
gent grain structures across an integrated circuit.
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